The degradation performance of 11 types of commercially produced degradable starch-polyethylene plastic compost bags was evaluated in municipal yard waste compost sites at Iowa State University (Ames) 95°C), the location of the recovered test strip was recorded (interior or exterior), and at least four strips were recovered for evaluation. Degradation was followed by measuring the change in polyethylene molecular weight distribution via high-temperature gel permeation chromatography. Our initial 8-month study indicated that materials recovered from the interior of the compost row demonstrated very little degradation, whereas materials recovered from the exterior degraded well. In the second-year study, however, degradation was observed in several plastic materials recovered from the interior of the compost row by month 5 at the Carroll site and almost every material by month 12 at the Grinnell site. The plastic bags collected from each community followed a similar degradation pattern. To our knowledge, this is the first scientific study demonstrating significant polyethylene degradation by these materials in a compost environment.
the compost row temperature was measured (65 to 95°C), the location of the recovered test strip was recorded (interior or exterior), and at least four strips were recovered for evaluation. Degradation was followed by measuring the change in polyethylene molecular weight distribution via high-temperature gel permeation chromatography. Our initial 8-month study indicated that materials recovered from the interior of the compost row demonstrated very little degradation, whereas materials recovered from the exterior degraded well. In the second-year study, however, degradation was observed in several plastic materials recovered from the interior of the compost row by month 5 at the Carroll site and almost every material by month 12 at the Grinnell site. The plastic bags collected from each community followed a similar degradation pattern. To our knowledge, this is the first scientific study demonstrating significant polyethylene degradation by these materials in a compost environment.
Plastics developed during the last 5 decades are characteristically inert and resistant to microbial attack. Different degradable plastics, such as polylactides, poly(3-hydroxybutyrate-3-hydroxy valerate), ethylene-carbon monoxide polymers, vinyl ketone copolymers (Guillet process), and starch-filled polyethylene (Griffin process) (15) , have been developed. These plastics differ in degradation rate, application, and price. In one development, plastics' inertness and resistance to microbial attack was reduced by incorporating starch and later prooxidants (transition metals and oil) (9) . Three types of degradation of polyethylene in these degradable starch-polyethylene polymers can occur by different molecular mechanisms: chemical degradation, photodegradation and biological degradation. Chemical degradation occurs when the prooxidants catalyze the formation of free radicals in polyethylene, which react with molecular oxygen to attack the polyethylene matrix (1) . Heat and oxygen accelerate this chain scission of the polyethylene. Photodegradation also occurs within the polyethylene matrix whereby UV light catalyzes the autoxidation and generation of free radicals (5) . Biological degradation of these polyethylene films has been reported in pure-culture studies with Streptomyces species after chemical degradation was initiated (12) and with their corresponding extracellular enzymes (13 and taped together with strapping tape in a specific order. In the first-year study, plastic films ADM-3, ADM-4, ADM-6, SLS-2, SLS-5, and SLS-8 were used. In the second-year study, all the materials in Table 1 were used except ADM-6. Therefore, in the second-year study, the materials used from the first-year study had been stored at 4°C for 1 year before seeding.
(ii) Seeding the compost rows. Compost rows were maintained at Iowa State University (ISU) (Ames) and in Carroll, Dubuque, and Grinnell, Iowa. Lawn and garden materials were collected in starch-polyethylene bags from residences. Upon collection, the material was ground in a tub grinder and spread into rows, periodically turned by landfill personnel. During the grinding process, 800 test strips were randomly added to the shredded material being discharged by the grinder. Rows were typically 1.8 to 2.5 m high, 3 to 4.5 m wide, and 6 to 9 m long. The ISU compost pile in Ames was an exception to this practice and was neither ground nor turned and had a much lower level of biological activity. In the first-year study, rows of unground bags were also evaluated at each compost site.
(iii) Stapled strips for outdoor light exposure. The same strips prepared for the second year of seeding were stapled to a fence at the ISU compost site in mid-August. Strips were stapled on both sides of the fence, 1 m above ground. Strips were removed at 1, 5, and 12 months for polyethylene molecular weight distribution analysis.
(iv) Evaluation of compost activity and recovery of test strips. At each sampling, the internal temperature of each compost row was determined. Test strips on the outer layer of the row (external) were recovered first. A front-end loader was employed to turn the pile to retrieve internal test strips. Compost rows were turned on sampling days, except at the Dubuque site, where a compost fluffer tended to destroy our test strips.
Film evaluations for degradation. (i) Mechanical properties. The percentage of elongation was determined at room temperature with an Instron model 4502 Universal Tester (Instron Corporation, Canton, Mass.), which was operated at 500 mm/min with a 5-cm initial grip distance. All samples were equilibrated to 50% relative humidity for at least 40 h before analysis (3) . Mechanical properties of the plastic recovered from the compost sites were not measured because nicks or mechanical distortions present in samples skewed the mechanical property analysis.
(ii) Polyethylene molecular weight distribution. A Waters Statistical analysis. Analysis of variance was used to determine the significant differences between films recovered from the compost sites and their corresponding zerotime controls by using an SAS program (14) . Data from the HT-GPC were evaluated, and values for which P was <0.05 were considered significantly different.
RESULTS AND DISCUSSION
Oven treatment. The rate of oxidative degradation in the 70°C oven differed among plastics (Fig. 1) . Reduction in elongation of each film paralleled reduction in molecular weight. The most rapid degradation was observed for ADM-7, ADM-11, SLS-8p, SLS-10, and FCP films, whose initial MW was reduced to 50,000 after 4 days. HT-HH treatment. The rate of oxidative degradation occurring in the steam chamber differed significantly from that in the 70°C oven (Fig. 2) . The loss of elongation, as measured with the Instron, occurred in a span of 2 to 4 days. The elongation measurements were variable and did not correspond to the degradation data obtained from the HT-GPC. For example, an MW of 150,000 for FCP (8-day sample) and one of 125,000 for ADM-11 (8-day sample) had corresponding percent elongations of 389 and 30%, respectively. Once the MW went below 125,000, the plastic film became brittle and fractured under minimal load. Therefore, only HT-GPC was used to measure the amount of degradation occurring below this Mw.
Some HT-HH-treated films displayed longer degradation lags or very little degradation (Fig. 2) compared with 70°C-oven-treated films (Fig. 1) . The HT-HH conditions more closely simulated a compost environment with high temperatures, high humidity, and low oxygen tensions, but they lacked biological activity. Furthermore, ADM-7 and ADM-11 in the HT-HH and 70°C-oven treatments yellowed more than did the other films; this finding indicates the possible absence of antioxidants in the film (10) . Very little degradation was observed for ADM-3, ADM-6, and SLS-5, which contained transition metals Mn, Mn-Fe, and E-Cu, respectively. But the SLS-8 film, which contains no transition metal additions, illustrated an undulating degradation pattern and was significantly degraded by day 20. ADM-4, ADM-7, ADM-11, and FCP samples demonstrated a slight undulating pattern for degradation with a slight plateau before reaching an M, of c75,000. The prooxidant transition metal combinations that produced the greatest effect on thermal degradation in this HT-HH study were Mn-Cu, E-Mn (ADM films), and E-Cu (SLS-2 film) ( Table 2) .
UV light treatment. The UV treatment spanned 8 weeks (Fig. 3) . The SLS materials were more sensitive to UV light than were the ADM materials, except for SLS-8. The FCP material had a lower initial degradation rate before week 2 and was identical to the SLS materials afterwards. The ADM (12) . The prooxidant transition metal combinations that generated the greatest response of plastics to photodegradation were Mn-Cu and E-Cu ( Table 2) . As the a-Mn ratio increased, the rate of photodegradation decreased. The presence of Mn alone did not accelerate the degradation of ADM samples.
Field compost study. Consumer verbal reports of bag performance were excellent. No bag lost any of its mechanical properties during collection and transportation to the compost site. Bags piled and not initially ground did not degrade unless exposed to sunlight. The portion of a bag exposed underwent substantial photodegradation and became brittle after 5 months, whereas the underside from the same bag demonstrated no change. Furthermore, the biological activity in the rows containing unground bags was marginal and produced a foul odor indicating anaerobic conditions. All ground-compost rows of both studies exhibited excellent biological activity with internal temperatures of 65 to 95°C for at least 12 months.
The seeded strips after 8 months at the municipal compost sites in the first study showed minimal degradation (Fig. 4) . Sample collection beyond 8 months at each site was obstructed by the inability to locate samples in the compost rows (numbers of test strips were quadrupled in the second study). Samples recovered from the interior displayed no measurable degradation for any plastic materials. The ADM-3, ADM-4, and ADM-6 exterior samples exhibited significant polyethylene degradation at the Grinnell site after 8 months, whereas the SLS materials did not (exposure time to sunlight for each film is unknown). The SLS films, which responded better to the laboratory UV light treatment, did not demonstrate the same trend at the compost sites after exposure to compost conditions.
The second-year study involved five additional plastic materials, and the number of test strips added to each row was increased to facilitate sample recovery. The samples were seeded immediately after the grinding of collected compost bags. During the fifth month of composting, degradation began to occur in six types of plastic at the Carroll site but not at the Grinnell and ISU compost sites (Fig. 5) . Two types of plastic (SLS-8 and SLS-8p) had significant reductions (P < 0.05) of Mw and MS, and four types of plastic (SLS-2, SLS-10, ADM-3, and ADM-4) had a significant reduction only of Mn at the Carroll site after 5 months of composting. The ADM-7 and ADM-11 samples were noticeably brittle after 9 months. During the collection of seeded strips, ADM-7 and ADM-11 samples were missing from half of the recovered test strips; therefore, the analyzed samples represent those not broken off. As a result, our data are probably biased and give more weight to the more slowly degrading samples. The other plastic materials were rarely separated from the test strips, and there was no evidence of degradation for these samples after 9 months. At 12 months, ADM-3, ADM-4, ADM-7, ADM-11, and FCP had significant and Grinnell compost sites (ADM-3, ADM-11, and SLS-10). These data suggest that the transition metal combination of Fe-Mn, present in ADM-7 and ADM-11, was the best to use for the municipal compost site ( Table 2 ). The second-year study rarely demonstrated a significant reduction in MW before 9 months of composting, which explains why no degradation was observed during the 8-month period in the first-year study.
Polyethylene degradation and not starch degradation was the main focus of this study. Previous researchers have confirmed starch biodegradation in these degradable starchpolyethylene plastics (4, 7, 8, 17 (Fig. 6) , as observed in the laboratory UV study. A rapid decrease in M, was seen for ADM-11 and for all SLS materials at month 1 and was followed by a slower decrease. FCP, ADM-3, ADM-4, and ADM-7 exhibited a steady decrease up to month 5. No SLS-type film was present at 12 months, whereas all ADM materials were still intact. The main difference was that these stapled films possessed no biofilm or organic matter. These data suggest that the presence of a microbial biofilm and/or dirt on the film surface in the compost row inhibits chemical degradation and photodegradation. Microbial growth on the film surface has been observed via electron microscopy of biologically treated films, showing extensive grooves and pits (7) , and of thermally treated films (2). Gilmore et al. (7) isolated 193 bacterial species and 28 fungal species from the surfaces of starch-polyethylene films exposed to a leaf compost row. Furthermore, extensive fungal biofilm formation on ADM-6 film in a pure-culture study by Lee et al. (12) has demonstrated inhibition of chemical oxidative degradation. Biofilm formation could therefore be responsible for reducing the oxygen tension on the film surface sufficiently to slow chemical and biological degradation in the compost environment.
Conclusion. The 70°C-oven and HT-HH film treatments were appropriate methods by which to evaluate the oxidative degradation of starch-polyethylene plastics. The HT-HH treatment, in addition, illustrated the effect of reduced oxygen tension and humidity on the oxidative degradation of starch-polyethylene plastics. The oxygen tension on the surface of the film appears to be the rate-limiting component for degradation in the compost environment. Because the levels of starch in the various films were similar, the prooxidant additive (transition metal) was critical in promoting the oxidative degradation of polyethylene. The Fe-Mn additive displayed the best catalytic activity in the field and laboratory studies. This study is the first published work, to our knowledge, that confirms degradation of these starch-polyethylene plastics in a natural environment.
